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Summary

This project has investigated the seismic characteristics of southern Eurasia
through Pn travel time tomography and the regional mapping of attenuation for
high-frequency Sn and Lg waves. Pn tomography results indicate that much of the
uppermost mantle beneath southern Eurasia has low P-wave velocity and a small
amount of melt. Mapping of Sn propagation efficiency confirms that regions with low
Pn velocity generally do not propagate Sn waves efficiently. This is especially true for
the Turkish-Iranian Plateau and the northern Tibetan Plateau. In contrast to Sn
waves, Lg waves propagate within the crust and are insensitive to mantle properties,
but are affected by changes in crustal structure. Lgis weakened or completely absent
when propagation paths obliquely cross major tectonic boundaries such as the Hi-
malaya Mountains, the Tarim Basin, the Caucasus Mountains, or the oceanic crust of
the Black and Caspian Seas. The high attenuation of Sn in many parts of southern
Eurasia limits its use in regional nuclear monitoring; however, Lg can be observed

provided data is available from stations sited within each geologic province.

Research Accomplished

Introduction

Regional wave propagation studies have long been useful in problems associ-
ated with the proliferation of nuclear weapons. Regional studies serve a twofold
purpose: (1) regional data can provide stable yield estimates for underground nuclear
explosions, and (2) regional data can discriminate between explosions and
earthquakes. For both of these goals, understanding the timing and strength of re-
gional seismic phases is crucial. Regional seismic phases that are most useful in
discrimination studies are the Pn, Sn, and Lg phases. Discriminants based on these
types of regional data are generally not transportable and must be individually cali-
brated for a particular region. In this research, we study the characteristics of the
Pn, Sn, and Lg seismic phases for southern Eurasia with an emphasis on the Middle
East and Tibet. Regional variations of P-wave velocity and anisotropy in the upper-
most mantle are found through the tomographic inversion of travel times. Sn and Lg
propagation and attenuation are studied by a detailed examination of many thou-
sands of raypaths for propagation efficiency.

The Pn phase corresponds to the raypaths that are critically reflected at the
Moho discontinuity. It propagates as a true head wave at shorter distances and as a
shallowly bottoming P-wave at farther distances. Thus, Pn travel times are sensitive
to uppermost mantle P-wave velocities. Mantle velocities are, in turn, controlled by
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mantle temperature and, to a lesser extent, composition. A global average for Pn
velocity is 8.1 km/s (Christiansen and Mooney, 1995) with shields and platforms
slightly faster (8.1-8.2 km/s), and continental orogens and rifts slower (7.9-8.0 km/s).
In southern Eurasia, similar variations of Pn velocity are found. Chen and Molnar
(1977) found low Pn velocities for paths beneath the Turkish Plateau (7.7 km/s) and
faster velocities under Iran (8.0 km/s) with a possible dip in the Moho from north to
south. Kadinsky-Cade et al. (1981) inferred faster Pn velocities (8.0-8.2 km/s) for the
entire Turkish-Iranian Plateau. Southern Tibet has high Pn velocities (~8.2 km/s)
while northern Tibet has lower velocities (~8.0 km/s) (McNamara et al., 1996). There
is also evidence for substantial directional Pn velocity anisotropy which can be also
found tomographically (Hearn, 1984; 1996).

Low Pn velocities (<7.8 km/s) suggest that small amounts (<2%) of partial melt
may exist in the mantle beneath parts of the southern Eurasian convergent margin.
If so, the Sn waves should be highly attenuated by the partial melt. Sn is the shear-
wave analog of Pn and samples the shear-wave structure at the top of the mantle. Sn
is the first arriving S-wave at regional distances (with group velocity of 4.7 km/s to
4.4 km/s) and is generally observed as an emergent arrival on transverse component
seismograms. The ratio of Sn amplitudes to Pn amplitudes has been used as a mea-
sure of the shear-wave strength for a seismic event and can be used to differentiate
an explosion from an earthquake. However, because Sn is a shear wave, it will not
propagate if partial melt is present. Observations of the strength of Sn propagation
have been used to infer physical properties of the mantle lid. Sn generally does not
propagate across regions of high heat flow such as spreading centers, back-arcs and
tectonically active continental regions (Molnar and Oliver, 1969), the Basin and
Range Province (Beghoul and Barazangi, 1993) and the northern Tibetan Plateau (Ni
and Barazangi, 1983; McNamara et al, 1995a). Kadinsky-Cade et al. (1981) indicated
that much of the Turkish-Iranian Plateau does not propagate Sn.

Lg is also an important phase for seismic discrimination. It is a complex,
short-period wavetrain with large amplitudes and group velocities in the range of 3.2
to 3.6 km/s. Lg has been modelled as a composite of higher-mode Love and Raleigh
waves, or as a sequence of multiply reflected, post-critical S-waves trapped in the
crustal wave guide (e.g. Bouchon, 1982; Kennett, 1986). Like Sn, it is also a shear
wave whose amplitude can be used to determine the amount of shear energy of a
seismic event. Lg is particularly useful in this regard since it averages seismic ener-
gy over the focal sphere and, thus, has an amplitude that is relatively insensitive to
the orientation of the focal mechanism. An important observation is that Lg propa-
gates efficiently in uniform continental shield crust, while it does not propagate
across ocean basins (Press and Ewing, 1952). The amplitude of Lg is weakened by



attenuation (e.g. Ruzaikin, et al, 1977; Nuttli, 1980) and by variations in crustal
structure along the path (e.g. Kennett, 1986). Kadinsky-Cade et al (1981) found such
changes are produced by the oceanic crust of the Black Sea and the southern Caspian
Sea and Ni and Barazangi (1983) found that Lg does not propagate across the edges
of the Tibetan Plateau.

In this contract report, we summarize work done under this AFOSR contract
and present a complete set of maps that illustrate the regional distribution of Pn
velocity and Sn and Lg propagation characteristics. More detailed discussions of this
work can be found in the publications that have resulted from the contract. The
initial publication that led this contract was on the tomography of the Turkish Ira-
nian Plateau (Hearn and Ni, 1994). Newer work on the anisotropic Pn tomography
of southern Europe is currently being submitted for publication (Hearn and Wu,
1996). The tomography work has also been presented at national meetings (Hearn
and Wu, 1995; Mele et al, 1995, Hearn and Ni, 1992a, b, ¢). The tomography study of
the Turkish-Iranian Plateau was followed by a study of Sn and Lg propagation effi-
ciency for the region. A manuscript is currently under review (Rodgers, Ni, and
Hearn, 1996) and these results have also been presented at several meetings (Rodg-
ers, Hearn and Ni, 1994a, b). Estimates of Lg attenuation for the Turkish-Iranian
Plateau were also published (Wu, Ni, and Hearn, 1995a, b). Further mapping of Lg
and Sn propagation in China have also been presented (Rapine et al., 1995; Ni et al.,
1995) and are being prepared for submission (Rapine, Ni, and Hearn, 1996). This
work on Chinese wave propagation began under this AFOSR contract and continues
under a new grant administered by Phillips Geophysical Laboratory.

Pn tomography of the Middle East, southern Europe, Afghanistan, and Indochina
Techniques for seismic tomography using the Pn travel times are described in
detail in Hearn and Ni (1994), and the extension to anisotropic tomography is re-
ported in Hearn (1996). Basically, the Pn raypath can be divided into three
segments: the crustal segment beneath the event, the crustal segment beneath the
station, and the mantle segment of the raypath. Accordingly, the tomographic in-
version of travel times solves for crustal time delays at each event, crustal time
delays at each station, and lateral variations in mantle velocity and anisotropy. The
event delays serve mostly to accommodate errors in event depth and origin time so
little structural information can be gained from them. The crustal delays depend on
both crustal thickness and crustal velocity structure and can be interpreted as such.
Assuming a constant crustal velocity, one second delay corresponds to about 10 km of
crustal thickness change; for a crust of constant thickness, one second of delay cor-
responds to a change in mean crustal velocity of about 1.6 km/s. The tomographically




estimated mantle velocity variations are fnapped in plane view at the surface of the
mantle and anisotropy variations can be similarly mapped. Pn velocities can be in-
terpreted primarily in terms of mantle temperature variations, although composition
is also important. Partial melt in mantle material begins to occur when mantle ve-
locities drop by about 6% from normal values (Sato, et al., 1989). Thus, if the normal
Pn velocity is 8.0-8.2 km/s, then velocities below about 7.7 km/s indicate the presence
of partial melt. A large-scale map showing Pn velocity variations for southern Eur-
asia is in Figure 1. The regions covered by this map are studied in more detail with
further tomography for the Turkish-Iranian Plateau, southern Europe, Afghanistan,
and Indochina using travel time data from the ISC earthquake catalog (NEIC, 1990).
These studies include error and resolution analyses that are described in publications.

The initial study was for the Turkish-Iranian Plateau (Figure 2) and results
from Hearn and Ni (1994) are shown in Figures 3. On average, uppermost mantle
P-wave velocity beneath the Turkish-Iranian Plateau is considerably slower than
beneath continental shield regions. While normal Pn velocities (8.0-8.2 km/sec) were
found under the Black Sea and Southern Caspian Sea, a region of anomalously low
Pn velocities (<7.7 km/sec) exists beneath the high elevations of the Turkish-Iranian
Plateau. This region coincides with a region of previously observed high Sn attenu-
ation (Kadinsky-Cade, et al., 1981) and extensive Neogene volcanism. Teleseismic
studies show that the low velocities extend at least 100 km into the upper mantle
(Spakman, 1991). These structural features suggest that near solidus conditions
exist within the uppermost mantle beneath the Turkish-Iranian Plateau and are
probably the result of the oceanic subduction that occurred prior to continental
collision. Such near solidus conditions could result from high temperature and the
infiltration of water released from subducted lithosphere into the mantle above. The
presence of a partially melted uppermost mantle weakens the lithosphere beneath
the Turkish-Iranian Plateau, thus allowing it to become the locus of deformation in
the Arabian-Russian collision zone. Station delays in the Lesser Caucasus region
compare in magnitude to those found along the Aegean coast, indicating crustal
thicknesses of 34 + 9 km.

Stations in southern Europe have collected large numbers of Pn travel times.
For this set of ISC derived data the regionally varying Pn velocity anisotropy was also
estimated using the method of Hearn (1996). Results show that anisotropy is a sig-
nificant portion of the tomographic inversion and that ignoring anisotropy can lead to
false conclusions about the lateral variations of mantle velocity. For southern Eu-
rope, we resolved velocity and anisotropy variations in regions as small as 2 degrees
squared. Both low Pn velocities and significant amounts of anisotropy are associated
with the convergent margins of the Mediterranean Sea (Figures 4). Up to 4% (£0.37



km/s) anisotropy is found along the western Aegean arc and extends north into
Albania. There, the fast axis of the anisotropy is oriented parallel to the arc. Anisot-
ropy is also found beneath the Apennine Mountains and southern Italy. In those
places, the fast axis of anisotropy is parallel to the Italian Peninsula and part of the
Calabrian Arc. Arc parallel anisotropy could be due to either arc parallel flow or
subduction generated compression. Arc parallel flow would cause anisotropy by
aligning the olivine a-axes (fast axes) parallel to the flow direction. It would also
raise the isotropic Pn velocity by about 0.15 km/s assuming +0.3 km/s anisotropy. Arc
compression would align the olivine b-axes (slow axes) parallel to the compression
direction while lowering the isotropic Pn velocity by 0.15 km/s. Since most of these
high anisotropy margins also have low (<8.0 km/s) Pn velocities, anisotropy by com-
pression is a likely cause. These low velocities and high anisotropy are the signature
of the mantle wedge created during subduction.

Pn tomography has also been applied to the Afghanistan region and to In-
dochina; however, limited data restricts the resolution to features of 4 degrees or
more in width. Afghanistan and surrounding areas generally have high Pn velocities
(~8.3 km/s), but low velocities (~7.9 km/s) exist beneath the southern flank of the
Hindu-Kush Mountains (Figures 5). We believe that these low velocities are the
signature of the altered mantle wedge formed during oceanic subduction. A low ve-
locity mantle is also suggested for eastern Burma, but there the low velocities are
related to continental rifting of the Pan-Xie Rift (Figures 6).

Regional Sn and Lg wave characteristics of the Middle East

The low Pn velocities beneath the Turkish-Iranian Plateau suggest the pres-
ence of partial melt in the uppermost mantle and that the observed high Sn
attenuation (Kadinsky-Cade, et al., 1981) is also associated with this melt. To test
this hypothesis, the study of Kadinsky-Cade was expanded using more recently avail-
able data from the now defunct Iranian Long Period Array (ILPA) (Akasheh et al.,
1976) and Global Seismic Network (GSN) stations ABKT, ANTO, KEG, and KIV.
ILPA data was obtained from Phillips Laboratory and GSN data from the Incorpo-
rated Research Institutions for Seismology - Data Management Center (IRIS-DMC).
Event locations were taken from the Preliminary Determination of Epicenters (PDE)
catalog produced by the International Seismological Centre (ISC). Besides measure-
ments of Sn amplitude, amplitudes of the crustal phase Lg were also measured
(Rodgers et al., 1996). Research on wave propagation characteristics was later ex-
tended to China using data collected by the Chinese Digital Seismic Network stations
and temporary PASSCAL stations deployed in Pakistan and Tibet by New Mexico
State University.
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For the propagation efficiency measurements we used only event-station paths
for which good three-component waveform data were available (Figure 7). All data
were previewed for large signal to noise ratios and a P-wave arrival was picked on
each vertical component. Horizontal components were decomposed into radial and
transverse components. Vertical, radial and transverse seismograms were filtered
with a two-pole, two-pass Butterworth filter with passband 0.5-5.0 Hz. We did not
remove the instrument response or integrate the data, so all data were analyzed as
raw velocity seismograms. We used the following group velocity windows to isolate
each phase: P-wave (Pn and Pg) 8.0 km/s - 5.0 km/s; Sn 4.6 km/s - 4.1 km/s; and Lg
3.6 km/s - 3.0 km/s. Errors in some event locations and/or depths required us to
manually pick these windows. Sn observations were restricted to the distance range
200-2600 km and Lg observations were restricted to the distance range of 200-3000
km. Once each phase was isolated, we computed the absolute amplitude of each
windowed phase. The mean and absolute maximum value of each phase were found:
P-wave on the vertical component, Sn on the transverse component and Lg on the
vertical component. Amplitude ratios of the absolute mean value of Sn to the P-wave
and the Lg to the P-wave were then computed. Figure 8 illustrates this procedure.

Amplitude ratios proved to be helpful for quantitatively assessing Lg propa-
gation, however Sn propagation was difficult to assess purely by amplitude ratios.
Thus, we subjectively ranked both Sn and Lg propagation (similar to previous studies
with WWSSN data, e.g. Kadinsky-Cade et al, 1981). We used three categories: "effi-
cient", "inefficient” and "not observed". For Sn, "efficient” propagation means that Sn
is clearly observed as a group of waves arriving with group velocity of 4.5 km/s on the
transverse component seismogram as a distinct arrival above the noise. Sn/P ampli-
tude ratios were usually greater than 1.0 for efficient Sn paths, but were sometimes
as low as 0.5. "Efficient” Sn was often emergent on continental paths and impulsive
on oceanic paths. "Inefficient” Sn propagation means that Sn is detectable by the
analyst as an emergent arrival within the specified group velocity window, some-
times accompanied by a shift to lower frequencies. Amplitude ratios for inefficient
Sn propagation were scattered between 0.5-1.0. If Sn was not distinguishable from
P-wave coda, then we classified the path as Sn "not observed". Similar classifications
were used for Lg propagation. "Efficient” Lg propagation means that Lg was clearly
observed on vertical and transverse component seismograms with Lg/P amplitude
ratios greater than 1.5. "Inefficient" Lg propagation means that Lg was observed on
vertical and transverse component seismograms, but weak. Lg/P amplitude ratios for
"inefficient” Lg propagation were about 1.0. Lg was classified as "not observed” when
Lg/P ratios were less than 0.5. Examples of Sn and Lg waveforms for stations in the
Middle East are in Appendix A. Summary maps for Sn and Lg propagation efficien-
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cies are in Figures 9 and 10 respectively. More detailed maps showing Sn and Lg
efficiencies for raypaths to individual stations are in Appendix B (Sn) and Appendix
C (Lg).

) In the Middle East, Sn does not propagate over a region generally correspond-
ing to the Turkish-Iranian Plateau (Figure 9). There, Sn is strongly attenuated even
if the path is only a few hundred kilometers long. North of the Plateau, Sn propa-
gates efficiently across the southern Caspian Sea, consistent with previous observa-
tions (Molnar and Oliver, 1969, and Kadinsky-Cade et al., 1981), and Sn also
propagates efficiently along the northern flank of the Greater Caucasus Mountains,
the Alborz Mountains, and the Koppeh Dagh. Our data does not provide tight con-
straints on the southern boundary of the Sn attenuation zone, but this boundary was
well delineated by Kadinsky-Cade et al. (1981) as the Zagros Mountains and the new
data supports this. Regions of low Pn velocity (Figure 3a) and those of poor Sn prop-
agation efficiency (Figure 9) are strongly correlated. These regions also correlate well
with regions of widespread continental volcanism (Figure 2) and this is consistent
with the presence of partial melt in the uppermost mantle.

The efficient propagation of Lg across the stable shields and platforms of the
Middle East is consistent with previous results and with data from other parts of the
world (e.g. Ruzaikin et al., 1977; Kadinsky-Cade, 1981) and indicates both high Q and
laterally uniform velocity structure in the stable continental crust. However, the
tectonically active Turkish-Iranian Plateau shows weak Lg (Figure 10). We made
measurements of Lg coda Q and found it to be low (200 to 400) (Wu, Ni, and Hearn
(1995), consistent with what was previously found by Xie and Mitchell (1991) as well
as the abundant recent volcanism on the Plateau (Dercourt et al., 1986; Pearce, et al.,
1990). Geologic boundaries can also block Lg and it appears the abrupt changes in
wave guide properties at the margin of the Turkish-Iranian Plateau are affecting the
characteristics of Lg. Lg is rarely observed for paths crossing the Caucasus and Al-
borz Mountains. Paths that begin near the Zagros Mountains show observable Lg
propagation. Gravity data from the Zagros indicate a gradual thickening of the crust
to the north (Snyder and Barazangi, 1986) and is consistent with the observation of

some observable Lg propagation there.

Regional Sn and Lg wave characteristics of western China

The Sn and Lg data analyses have been extended to the study of crust and
mantle structure beneath the Tibet Plateau (Reese and Ni, 1996; Ni et al., 1995).
Central to the studies are broadband data that were collected by the Chinese Digital
Network (CDSN) (Figure 11). These data are augmented with data collected during
two PASSCAL broadband experiments in Pakistan during 1993 and Tibet during
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1994 (Ni et al., 1996). These field deployments were headed by New Mexico State
University along with support from colleagues and local governments and funding
from the National Science Foundation and the U.S. Agency for International
Development. Data collected from these field experiments are important to seismol-
ogy both because of the scientific interest in the Tibetan Plateau and because of two
1994 Lop Nor nuclear tests recorded by the Tibet experiment. Comparison between
the Lop Nor nuclear events and a nearby earthquake shows that, at high frequencies
(>1 Hz), both have similar spectrums and waveforms. However, at low frequencies
the earthquake generates larger surface waves than the nuclear tests. In this report
we only present Sn and Lg efficiencies for stations in western China; other stations
and the data from Lop Nor are the subject of our continuing contract. A composite
map of Sn propagation efficiency is shown in Figure 12. A similar map for Lg wave
propagation efficiency is presented in Figure 13. Raypath maps of Sn and Lg propa-
gation efficiencies for individual stations in China are in Appendix D

Sn propagates efficiently across the Himalayas to station LSA, Lhasa, Tibet
(Figure 12). In contrast, Sn does not propagate through a large portion of central and
northern Tibet. In southern Tibet, Sn propagation efficiency is reduced when com-
pared with propagation paths traversing mainly the Himalayas. Sn is observed from
crustal events originating in the western Himalayas, the Pamirs, and the Tien Shan
to station WMQ, Urumqui, western China. Paths crossing the Tarim Basin to WMQ
are all efficient. A few paths from eastern Tibet show efficient Sn propagation, but
the majority of events in Tibet do not show Sn. The Mongolian Plateau does not allow
Sn to propagate either. The zone of Sn blockage in northern Tibet corresponds to a
region of low Pn velocity (~8.0 km/s) mapped by McNamara et al. (1996) and suggests
that a small amount(<1%) of partial melt could exist there, possibly analogous with
the mantle beneath the Turkish-Iranian Plateau or the Basin and Range Province.

Lg does not propagate efficiently (B and C classifications) across the Himala-
yas when the raypath is subparallel to the mountain range; however, it is observed
for shorter raypaths that originate in the Indian Shield and are perpendicular to the
strike of the mountain belt (Figure 13). However, events occurring in Burma do not
propagate Lg across the Himalayas, but this may be related to the presence of the
Pan-Xie rift in Burma. Within the Tibetan Plateau, Lg is observed only for paths
with distances less than about 6 degrees. We also observed that the Indus-Tangpo
Suture attenuates most crustal phases. The attenuation is probably due to a par-
tially melted upper crust rather than the complex structure in the suture. Lg is
observed for most raypaths, especially those raypaths that cross Mongolia, the Tien
Shan Mountains, and the Tarim Basin. Lg is completely eliminated for a few of the

longer paths crossing Tibet.
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Figure 12: A summary map showing the efficiency of Sn wave propagation in China for
all raypaths. Detailed maps are in Appendix D.
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Conclusions

Results show that much of the southern Eurasian margin is underlain by hot,
and, in some cases, partially melted mantle that developed during oceanic subduction
episodes occurring prior to continental collision. The degree of partial melting could
be exacerbated by the influx of water into the mantle from the subducting slab. This
partial melting is well defined by zones of low Pn velocity. We find low Pn velocities
for the collisional margins of the southern Mediterranean especially the Apennine
Mountains of Italy, the Dinaride-Hellenide Mountain chain, and the Aegean Arc.
These regions also have significant anisotropy oriented with the fast direction paral-
lel to the arc. Low Pn velocity also exists beneath the Turkish-Iranian Plateau, the
Hindu-Kush Mountains, and the Pan-Xie Rift.

For the Middle East, regions of low Pn velocity correlate to regions of Sn block-
age and to the approximate boundaries of the Turkish-Iranian Plateau. This seismic
structure is similar to that of the western United States and this, as well as the
attenuated Lg wave propagation, suggests that nuclear discrimination methods de-
veloped for the western U.S. may be portable to the Turkish-Iranian Plateau. There
is also a correspondence between low Pn velocity and no Sn propagation beneath
northern Tibet. If such correlations can be extended to other paths of southern Eur-
asia, then Sn is also not expected to propagate for the southern Hindu-Kush
Mountains or parts of Indochina. Good Sn propagation can be found for the Arabian
Shield, the Russian Platform, and southern Tibet. Only for events occurring and
recorded in these regions can Sn be of use in nuclear monitoring efforts.

The Lg phase also shows regional attenuation patterns. It propagates within
geologic provinces, but is strongly attenuated within the Turkish-Iranian Plateau
and the Tibetan Plateau. In general, Lg propagates even where the Sn phase does
not. Major barriers to Lg are the oceanic structure of the Black Sea and the Caspian
Sea, the Caucasus Mountains, Zagros Mountains, the Indus-Tangpo suture, and the
Himalayas. Changes in crustal structure between at these province boundaries scat-
ter the Lg phase. However, if stations can be situated within geologic provinces, Lg

can be observed and used for regional nuclear monitoring.
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Figure D1: Maps showing propagation efficiency of Sn raypaths (on left) and Lg raypaths {c¢n: right) for station KML.
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